Abstract-This article proposes a method for evaluating the quality of the overlying oxide on samples used in scanning capacitance microscopy (SCM) dopant profile extraction. The method can also be used generally as a convenient in-process method for monitoring oxide quality directly after the oxidation process without prior metallization of the oxide-semiconductor sample. The spread of the differential capacitance characteristic (dC/dV versus V plot), characterized using its full width at half maximum (FWHM), was found to be strongly dependent on the interface trap density as a consequence of the stretch-out effect of interface traps on the capacitance-voltage (C-V) curve. Results show that the FWHM of the dC/dV characteristic is a sensitive monitor of oxide quality (in terms of interface trap density) as it is not complicated by localized oxide charging effects as in the case of the SCM probe tip voltage corresponding to maximum dC/dV. The magnitude of the dC/dV peak, at any given surface potential, was also found to be independent of the interface traps and only dependent on the substrate dopant concentration, which makes SCM dopant profile extraction possible.
I. INTRODUCTION

S
PATIAL resolution of less than 10 nm has been identified as a requirement for accurate quantitative two-dimensional (2-D) dopant profiling by the International Technology Roadmap for Semiconductors (ITRS) [1] . Since scanning capacitance microscopy (SCM) [2] - [4] can potentially meet this goal, SCM is developing into an important technique for dopant profiling of submicrometer semiconductor structures. Other techniques [5] - [9] have also been investigated as potential candidates for high-resolution 2-D dopant profiling. The SCM technique is based on the high frequency response of the metal-oxide-semiconductor (MOS) structure, formed between the SCM probe, sample oxide and semiconductor. The semiconductor dopant concentration under the probe is characterized by the change in capacitance, dC, induced by a bias voltage change, dV, applied between the probe and sample. The qualitative aspects of SCM imaging and the bias-dependent contrast formation have been studied and are relatively well understood [10] - [12] . In an earlier work, we proposed a more accurate ratio calibration approach [13] , as compared to the calibration curve method [14] , [15] , to SCM dopant concentration extraction. The approach makes use of combined inverse modeling and forward simulation, based on a 2-D numerical device simulator MEDICI [16] , of SCM measurement data. However, the success of the ratio calibration method is highly dependent on a priori estimates of the interface trap and oxide fixed charge densities in the inverse modeling. Goghero et al. [17] have suggested using the hysteresis of forward and reverse sweep SCM differential capacitance (dC/dV) characteristics, while Bowallius and Anand [18] have proposed using the spread of the dC/dV peak for evaluating oxide quality. However, there has been no detailed work that explicitly attempts to correlate the spread and location of the dC/dV peak with the measured interface trap density. This will be addressed in this work, where we will show that the interface trap density does sensitively affect the shape of the dC/dV characteristic plot.
II. EXPERIMENTAL DETAILS
The differential capacitance was measured as a function of the tip-sample dc bias, as this was swept from to 12 V, using a Digital Instruments Dimension 3000 SCM [19] . In the SCM measurement setup, bias was applied to the sample and the cobalt-coated silicon probe tip was grounded. To enable comparison with C-V measurements, which are typically expressed in terms of the gate electrode voltage, the SCM dC/dV results shown henceforth are presented in the form of dc bias applied to the probe tip, , with respect to the sample. The dC/dV sweep measurement was performed at an ac frequency of 90 kHz and ac bias of 100 to 300 mV on several (about 15 to 20) locations across the entire oxide covered silicon sample. Our dc bias sweep rate of 0.1 Hz between to V is much higher than the typical 10 mV/s required for equilibrium to be established between the applied dc bias and the occupancy (charging) of the interface traps. Generally we do observe hysteresis between the forward and reverse dC/dV sweeps, especially for large sweep ranges. The oxide quality (i.e., and ) was characterized using MOS capacitor test dots ( cm ). was extracted by comparing the experimental two-frequency 0741-3106/03$17.00 © 2003 IEEE [20] to an ideal (zero ) calculated C-V curve and noting the shift in the flatband voltage . The interface trap density was obtained from conductance measurements, at varying gate bias and frequency [21] . Details of the various samples used are shown in Table I together with results of C-V and SCM measurements performed. The industrial-grade nitrided oxides and in-house fabricated nonnitrided oxides were grown by rapid thermal oxidation at 900 to 1000 C. All samples have about the same substrate doping concentration ( cm ) but varying targeted oxide thickness from about 3 to 7 nm. The range of (see Table I for measured values) investigated in this study is comparable to the thickness of the low-temperature ( C) oxide typically used for SCM dopant extraction [22] . Samples C3p2, M3n2, M4p2, and M6p2 are identical to the respective samples C3p1, M3n1, M4p1, and M6p1, except that they have not been subjected to a final anneal step at a temperature of 400 C in an ambient of 10% and 90% (forming gas) for 3 min. Fig. 1(a) and (b) show typical plots of dC/dV versus for the nitrided (C3p1 and C3p2) and nonnitrided (M4p1 and M4p2) oxide samples, respectively. Except for C3p1 and C3p2, does not fall within the range of corresponding to maximum dC/dV, as seen from Table I . This is because during the dC/dV measurement, charge trapping in the oxide could occur at the probe tip location (unless the oxide quality is very good or the oxide is very thin as in the case of C3p1 and C3p2) and this will affect the value of corresponding to maximum dC/dV. Calculations of the dC/dV signal versus tip voltage were also performed by solving the Poisson equation assuming a one-dimensional MOS structure [23] . The opposite polarity of corresponding to the dC/dV peak for M4p2 in Fig. 1(b) , as compared to the calculated results in Fig. 1(d) , is suspected to be due to oxide charge trapping during the dC/dV sweep [24] , since the oxide quality of M4p2 is relatively poor. In addition, the large tip voltage at which the experimental dC/dV peak occurs in M3n1 and M3n2 (see Table I ) is explained similarly. Our calculations have shown that an oxide trapped charge density of cm at the oxide-silicon interface can cause the corresponding to maximum dC/dV to shift to about V, as observed in the dC/dV measurements for M3n1 and M3n2. This poorer oxide quality is not a result of the different doping type of the substrate for M3n1 and M3n2. Fig. 2 shows the magnitude of the average of probe tip voltages corresponding to maximum dC/dV plotted against the mid-gap interface trap density and . It is seen that there is a strong dependence of on for cm eV . However, varies widely over a small range of , and this was suspected to be due either to the almost constant for all samples or an artifact of the localized oxide charging during the dC/dV sweep. Although the SCM probe tip voltage magnitude corresponding to maximum dC/dV correlates well with the interface trap density in Fig. 2 , the sign of this peak location could be complicated by localized oxide charging effects, as can occur during the dC/dV sweep. For example, in Fig. 1(b) , the voltage location of the dC/dV peak has different signs for M4p1 and M4p2. A similar observation is seen for M6p1 and M6p2 (see Table I ) even though these samples have almost identical interface trap densities. Fig. 3 shows the calculated full width at half maximum (FWHM) of the dC/dV characteristic for oxide thickness ranging from 3 to 7 nm and measured FWHM for the various samples. It is seen that there is greater dependence of the FWHM on oxide thickness variation when the interface trap density is high. While not implying that the oxide thickness variation of the various locations tested is as drastic as that used in the calculation of the FWHM, the local variation in oxide quality and thickness (either due to processing variations or the presence of a nonuniform contaminant film on the bare oxide) among the different measured locations are possible reasons for the larger variation in the measured FWHM, especially for samples with high (e.g., M3n1 and M3n2). Fig. 3 also shows that a large will result in a large FWHM, which is a consequence of the stretch-out effect of interface traps on the C-V curve. Therefore, the FWHM of the dC/dV peak is very sensitive to the interface trap density and can be used as a monitor of the latter in SCM measurements. It seems that the interface trap concentration does not affect greatly the magnitude of the dC/dV peak as seen by comparing Fig. 1(a) (a low interface trap density sample) with Fig. 1(b) (a high interface  trap density sample) . The insensitivity of the magnitude of the dC/dV peak to the interface trap concentration could possibly be explained by the fact that the interface traps are not able to respond to the extremely high frequency of 915 MHz of the SCM resonant detector circuit, from which the dC/dV signal was obtained, except for the faster interface traps (with small time constants) located close to the band edges. As for the 90 kHz ac signal, while this does effectively switch the effective dc bias, most interface traps likewise would not respond to this high frequency signal, so that the change in capacitance detected is close to the slope (equivalent to the magnitude of the dC/dV peak) of an ideal interface trap-free high-frequency C-V curve. This results in the magnitude of the dC/dV peak, at any given surface potential, to be independent of interface traps, and to be dependent only on the substrate dopant concentration.
III. RESULTS AND DISCUSSION
IV. CONCLUSION
In summary, we have shown that the spread of the dC/dV characteristic is a sensitive monitor of the interface trap density. The study was based on samples with measured oxide thickness of 3.1 to 6.6 nm with relatively large values of oxide fixed charge. The extension of the SCM technique to high-quality, sub-2.0-nm-thick gate oxides is potentially possible provided tunneling current effects can be minimized. For such high-quality thin oxides, the dC/dV peak is typically located at a probe tip-sample bias near to zero volts; hence, tunneling current effects are expected to be small with low applied biases during the dC/dV sweep.
